Optical absorption coefficients are generally inherent to materials and are reduced for longer optical wavelengths, especially below their absorption edges. In tandem solar cells this makes thicker bottom cells necessary to improve their optical absorption efficiencies for longer optical wavelengths. This paper proposes a method to convert the propagation direction of an incident light toward the one parallel to optical absorption layers. High-efficiency optical absorption is demonstrated with thin absorption layers with this method. Drastic reduction of layer thicknesses necessary for high photoelectric conversion efficiencies will reduce the cost and improve the yield of various solar cells. Optical absorption is generally reduced for the lower photon energies, especially below the absorption edges of materials. For a given medium with a length L and an absorption coefficient α, the absorption ratio of an incident light is given by 1-exp [-α L]. From this relation, we need the medium length L of ~2/α for more than 80% absorption of the incident 2 light. Typical silicon thin-film tandem solar cells consist of a top cell made of ~300-nm-thick amorphous silicon (a-Si) covering the wavelength band centered at 500 nm and a bottom cell made of ~2-µm-thick microcrystalline silicon (µc-Si) covering the wavelength band centered at 800 nm. 2,3) The reason for the thicker bottom cell originates from the lower absorption coefficient in the longer wavelength. 10) For example, the optical absorption coefficient of µc-Si at the wavelength of 800 nm is ~10000 cm -1 . This gives 86% absorption for a thickness of L=2 µm. This thicker bottom cell reduces the throughput of device fabrication and therefore increases the device cost as well as reducing the solar cell efficiencies by the recombination of photogenerated carriers during transport in the thicker layers. As a countermeasure to overcome the throughput issue, higher deposition rate techniques of µc-Si have been studied, 11-13) but higher deposition rates tend to reduce photoelectric conversion efficiencies.
light. Typical silicon thin-film tandem solar cells consist of a top cell made of ~300-nm-thick amorphous silicon (a-Si) covering the wavelength band centered at 500 nm and a bottom cell made of ~2-µm-thick microcrystalline silicon (µc-Si) covering the wavelength band centered at 800 nm. 2, 3) The reason for the thicker bottom cell originates from the lower absorption coefficient in the longer wavelength. 10) For example, the optical absorption coefficient of µc-Si at the wavelength of 800 nm is ~10000 cm -1 . This gives 86% absorption for a thickness of L=2 µm. This thicker bottom cell reduces the throughput of device fabrication and therefore increases the device cost as well as reducing the solar cell efficiencies by the recombination of photogenerated carriers during transport in the thicker layers. As a countermeasure to overcome the throughput issue, higher deposition rate techniques of µc-Si have been studied, [11] [12] [13] but higher deposition rates tend to reduce photoelectric conversion efficiencies. 14) In this paper, I propose a new method to overcome this inherent problem between the lower optical absorption coefficients and the longer optical-path lengths necessary for high-efficiency absorption. The concept is based on the conversion of an incident light propagation direction toward the one parallel to optical absorption layers with the modulation of the incident-light wave front by a periodic π-phase shift. 15, 16) and is known to give accurate results with small enough grid sizes.
The fundamental concept is illustrated with a simplified structure in Fig. 1 . The background is assumed to have a uniform refractive index of n 1 to prevent unnecessary optical reflections and to focus on the key concept. LPDCL is introduced normal to the incident-light propagation direction and consists of periodic regions with the refractive indices of n 1 and n 2 and with the period of D and the thickness of H. When a light wave is incident on the LPDCL and passes through the thickness H, the wave front experiences the lateral periodic phase shift of € 2π(n 2 − n 1 )H /λ. When this phase shift is equal to π or its odd integer multiple, the light wave in the medium just after passing through the LPDCL forms a standing wave in the direction parallel to the LPDCL. Then, this wave starts to propagate in the direction normal to the incident light propagation direction. This is the main reason to call the periodic structure the LPDCL. As a reference, FDTD simulations on similar structures but without the LPDCL were studied. Figure 3 (b) has the same a-Si and µc-Si layers as those in Fig. 3(a) . In this case, the incident light was slightly diffracted laterally due to the finite beam width, but the major part was transmitted into the SiO 2 glass substrate. The transmission into the glass substrate was 53.1% and was the major part, while the reflection remained at 13.5% of the incident light.
Optical absorption in the a-Si and µc-Si layers was limited to 33.4% due to the thin total Si layers. This comparison demonstrates that the phenomenon shown in Fig. 3(a) is not dominated by the optical reflection at the bottom µc-Si/ SiO 2 interface.
Another remaining question is the total Si-layer thickness dependence. Since the a-Si layers in the LPDCL are missing in the structure shown in Fig. 3(b) , this may be the factor for the reduced light absorption in the Si layers. Therefore, the LPDCL in Fig. 3 (a) was replaced with a uniform a-Si layer, as shown in Fig. 3(c) , i.e., the a-Si layer thickness was increased from 200 nm in Fig. 3(b) to 325 nm. The simulated overall light propagation characteristics were similar to those in Fig. 3(b) , but the light reflection rather than the light transmission 6 was increased at the air/a-Si interface. 48.5% of the incident light was reflected and 24.4%
was transmitted into the SiO 2 glass substrate. This is the reversal of the reflection and transmission properties shown in Fig. 3(b) . Optical absorption in the a-Si and µc-Si layers was reduced to 27.1% in spite of the increase in the total Si layer thickness. Therefore, the phenomenon in Fig. 3(c) is dominated by the optical reflection at the air/a-Si interface. Structure with LPDCL for the solid lines is the same as that in Fig. 3(a) and for the dashed lines with extended periodic structure. The planar structure is that replacing the LPDCL with an additional a-Si layer with the average thickness of 63 nm.
The spectral dependence was studied by changing the incident-light wavelength. The solid lines in Fig. 4 are the reflection, transmission, and absorption in the silicon layers calculated in the same configuration as that shown in Fig. 3(a) . straightforward. This is because the main LPDCL effect is the π-phase shift of the transmitted wave front and the superposition principle of waves naturally applies. The resultant LPDCL structures may apparently resemble photonic crystals (PCs). 24, 26) However the proposed LPDCL does not include any resonance effects, while the key concept of "photonic band gap"
arises from resonance effects in the periodic PC structures.
There have been several unique proposals to improve solar cell photoelectric conversion efficiencies. Plasmonic solar cells have been actively studied recently with the capability of light trapping in ultrathin plasmonic solar cells. 27) In plasmonic devices, the presence of metal is essential. The proposal of inserting asymmetric gratings inside solar cells 28) also assumes the presence of metal. In the proposed LPDCL, the presence of metal is not essential as discussed above and therefore it can be applied in a wider range of solar cells. Since the concept of π-phase shift with an LPDCL is not dependent on the selection of materials, further improvement of the multiple-junction solar cells 29) is expected by applying LPDCL, especially to the lower photon energy band.
In summary, a new method to convert the incident-light propagation direction toward the one parallel to optical absorption layers was proposed and high-efficiency optical absorption was demonstrated with thin absorption layers with this method. This will give a breakthrough on the limiting relations between optical absorption and necessary optical lengths in various solar cells and general optical detector applications.
